Background. Information about electrophysiological characteristics and radiofrequency ablation of intra-atrial reentrant tachycardia has not been reported before. We proposed that induction and termination of intra-atrial reentrant tachycardia by atrial extrastimuli or rapid atrial pacing and resetting the response pattern by atrial extrastimuli during intra-atrial reentrant tachycardia could ensure the mechanism of reentry and that the earliest site of endocardial activation and concealed entrainment pace mapping with the shortest stimulus-P wave interval could localize a critical area responsible for intra-atrial reentrant tachycardia and radiofrequency ablation.
Background. Information about electrophysiological characteristics and radiofrequency ablation of intra-atrial reentrant tachycardia has not been reported before. We proposed that induction and termination of intra-atrial reentrant tachycardia by atrial extrastimuli or rapid atrial pacing and resetting the response pattern by atrial extrastimuli during intra-atrial reentrant tachycardia could ensure the mechanism of reentry and that the earliest site of endocardial activation and concealed entrainment pace mapping with the shortest stimulus-P wave interval could localize a critical area responsible for intra-atrial reentrant tachycardia and radiofrequency ablation.
Methods and Results. Seven patients with refractory atrial tachycardia were referred for electrophysiological studies and radiofrequency ablation. Electrophysiological studies and endocardial mapping found (1) 10 atrial foci with atrial tachycardia cycle length of 406±41 ms; (2) atrial tachycardia had induction and termination by atrial extrastimuli (8 of 10) or rapid atrial pacing (10 of 10); (3) atrial tachycardia had increasing (6 of 10) or mixed (flat and increasing, 4 of 10) resetting response pattern, with resetting interval of 57±13 ms (14±4% of atrial tachycardia cycle length); (4) exit sites of atrial tachycardia in right atrial free wall (6 of 10), right atrial septum (3 of 10), and midposterior left atrium (1 of 10); and (5) earliest activation site had timing relative to P wave by -37±7 ms, and concealed entrainment pace mapping had shortest stimulus-P interval 23±3 ms. By the endocardial activation pace-mapping technique, radiofrequency energy (8±1 pulses, 31±3 W, 101±11 seconds) successfully eliminated the 10 atrial foci without recurrence (follow-up, 16+5 months).
Conclusions. Mechanism of intra-atrial reentrant tachycardia could be confirmed by the electrophysiological characteristics, and radiofrequency ablation energy delivered to a critical area in the atrial reentrant circuit is safe and effective for the treatment of intra-atrial reentrant tachycardia. (Circulation 1993; 88:578-587) KEY WORDS * radiofrequency * ablation * tachycardia * atrium E limination of all or part of the anatomic substrate responsible for supraventricular tachycardia in patients with the Wolff-ParkinsonWhite syndromel-4 and atrioventricular nodal reentry5-7 with the use of radiofrequency energy has been reported with a high success rate and few complications. However, reports describing electrophysiological characteristics and results of radiofrequency ablation in patients with atrial tachycardia are limited.8-11 Reentry, automaticity, and triggered automaticity caused by de- layed afterdepolarization are thought to be responsible for atrial tachycardia.12 These mechanisms are important clinically because they correlate with pathophysiology, specific clinical syndromes, and response to specific pharmacological therapies. Intra-atrial reentrant tachycardia is one form of atrial tachycardia, and it usually presents as a paroxysmal or sustained tachycardia. [12] [13] [14] [15] In children, it is frequently associated with atrial surgery; in adults, structural heart disease is present in approximately half of these patients.12'14'15 It is characterized by a regular atrial rhythm initiated and terminated by programmed stimulation. In most reports, the diagnosis is based on atrial mapping and responses to programmed electrical stimulation.12-15 We proposed that a combination of atrial endocardial activation and entrainment pace mapping in patients with intra-atrial reentrant tachycardia would allow localization of a critical area in the atrium responsive for this tachycardia. If application of radiofrequency energy to this critical area results in termination of atrial tachycardia and prevention of its recurrence, it would confirm that a 12 -lead ECGs were recorded and compared with baseline atrial tachycardia. An area of slow conduction was presumed to be present at a specific site if a concealed entrainment pace mapping with a long stimulus-to-P wave interval (more than 40 ms) was noted during pacing. The presumed exit site from the area of slow conduction was identified by the presence of a concealed entrainment pace mapping with a short stimulus-to-P wave interval (less than 40 ms). '9 Radiofrequency Ablation Technique Radiofrequency ablation was performed using a radiofrequency generator (Radionics-3C, Radionics, Inc, Mass.) providing 500 kHz, unmodulated sine wave energy, connected to the distal 4-mm tip of the mapping/ablation catheter via a switch box and grounded to the patient's posterior chest wall using a standard electrosurgical grounding pad. Applied voltage and measured current were displayed continuously, and impedance was monitored by the meter on the radiofrequency generator. Details were described previously elsewhere.'6'17 Radiofrequency energy was applied in a power range from 20 to 40 W, and it was commenced with constant rhythm monitoring. If atrial tachycardia terminated within 10 seconds after energy application (test pulse), a full 60-second application (long pulse) was performed at that site. Radiofrequency discharge was terminated immediately on the occurrence of impedance rise, displacement of catheter, or complaint by the patient of severe chest pain. If an ablation attempt at a particular site was unsuccessful in terminating atrial tachycardia within 10 seconds, radiofrequency discharge was terminated. Endocardial mapping was repeated in an attempt to identify a more accurate ablation site by systematically repositioning the ablation catheter several millimeters around the initial position. If a second atrial tachycardia focus was found, procedures including electrophysiological study, endocardial mapping, and radiofrequency ablation were repeated.
After successful ablation of atrial tachycardia, programmed stimulation was performed immediately and after approximately 20 to 30 minutes to determine if atrial tachycardia was inducible. For the prevention of possible recurrent tachycardia, a long pulse (60 seconds) of radiofrequency energy was delivered to the successful ablation site. Isoproterenol (2 to 4 ,g/min) was routinely used to facilitate induction after initial success. After completion of the study, patients were monitored in the coronary care unit overnight.
Patient Follow-up
All patients were seen in the outpatient clinic at 1 week, 1 month, and then every 3 months, at which time a history of recent symptoms was taken, and a physical examination, 12- (Fig 2, B) . The mean resetting interval for the entire group was 57±13 ms, and it represented 14.2±3.8% of the tachycardia cycle length. The mean resetting interval was significantly longer in the mixed pattern than it was in the increasing pattern (63+13 versus 47+5 ms; P<.05). There was no significant correlation between the resetting interval and the tachycardia cycle length. Atrial tachycardia cycle length did not differ significantly in the patients with mixed or increasing resetting response pattern (428±19 versus 392±47 ms; P>.05).
Endocardial Atrial Mapping
Local electrical activity recorded from the successful ablation site (during tachycardia) preceded the onset of the surface P wave by 25 to 45 ms (mean, 38±7 ms). The signals contained no evidence of early extrapotentials, fractionation, or continuous electrical activity suggesting slow conduction area (Fig 3, A) . Concealed entrainment pace mapping at the successful ablation site had a short stimulus-to-P wave interval (20 to 30 ms; mean, 23+3 ms). Three patients had double intra-atrial reentrant tachycardia. The new reentrant circuit was found after successful ablation of the initial tachycardia, and the exit site of the new reentrant circuit was far from the original one with different activation sequence ( Table 2) .
Results of Radiofrequency Ablation
The number of "test pulse" of radiofrequency energy (less than 10 seconds) ranged from 3 to 20 (mean, 8±1 pulses), and the number of full duration radiofrequency applications (long pulse) was two for each tachycardia. Successful radiofrequency energy (long pulse) was delivered for a total of 80 to 118 seconds (mean, 102±+11 seconds) with power of 25 to 35 W (mean, 30 .5+3.1 W).
The initial response of the tachycardia focus to a successful radiofrequency pulse was always rapid and ranged from 0.5 to 3.0 seconds (mean, 1.8+0.8 seconds). On nine occasions, the atrial tachycardia simply stopped abruptly during the initial few seconds of radiofrequency application; in patient 6, the atrial tachycardia slowed over a few beats before termination. The time between onset of radiofrequency output and termination of atrial tachycardia ranged from 1.0 to 5.0 seconds (mean, 2.3+1.2 seconds). Procedure time ranged from 2.0 to 3.8 hours (mean, 3.1±0.3 hours), with fluoroscopy time of 25 to 100 minutes (mean, 42+10 minutes) ( Table 3) . with cardiomyopathy had improvement of ventricular function on 3-month follow-up echocardiograms. Left ventricular end-diastolic diameter decreased from 64 to 58 mm, and fractional shortening increased from 14% to 22%. Five patients received 3-month follow-up electrophysiological study, and intra-atrial reentrant tachycardia was not inducible. Discussion We report the first clinical series of adult patients who have had intra-atrial reentrant tachycardia managed by radiofrequency ablation. This study shows the electrophysiological characteristics of intra-atrial reentrant tachycardia and indicates that a successful result can be expected with the described ablation technique.
Mechanisms ofAtrial Tachycardia
Atrial tachycardia is an uncommon arrhythmia in adults,13-15 and the exact mechanisms of atrial tachycardia are not well known. Previous studies20-22 have suggested enhanced atrial automaticity or reentrance. Wyndham and colleagues22 reported in vitro electrophysiological studies in atrial tissue from a 41-year-old patient with paroxysmal atrial tachycardia. Transmembrane voltage recordings from the surgically excised atrial tissue demonstrated triggered automaticity as a probable mechanism in that case.
Evidence for a reentrant mechanism was noted in this study. Because our patients had atrial tachycardia reproducibly induced and terminated by programmed electrical stimuli, automaticity is an unlikely mechanism. Two additional findings independently suggest a reentrant mechanism versus triggered activity. First, the behavior of the coupling interval from the last paced beat to the first escape complex of the tachycardia (the first postpacing interval) has been found to be useful in the differentiation between reentrant and triggered arrhythmias.2324 An inverse relation between the prematurity of the tachycardia initiating extrastimulus and the coupling interval of the first tachycardia beat has been considered to be specific for reentry, whereas a concordant pattern has been thought to be typical for triggered activity. Several models of reentry have been described. Mines28 proposed an anatomically defined reentrant pathway. Allessie and colleagues29 proposed the socalled "leading circle" model in which the reentrant pathway is the shortest possible pathway and is determined on an instantaneous basis by refractoriness ahead of the activation wave front. Mehra and colleagues30 found that reentry could occur with a "figure-eight model" around two functional areas of block. Because in the leading circle model the reentrant pathway is determined by refractoriness ahead of the activation wave front, the excitable gap has to be composed of partially refractory tissue. The resetting response curve of such a circuit would not be expected to contain a flat zone. Six of the 10 tachycardias that could be analyzed in our study demonstrated resetting response curves with at least some flat zone, therefore militating against the leading circle model as the mechanism of these intra-atrial reentrant tachycardias. This same contention is also supported by the relatively long resetting intervals observed, which exceeded 10% of the tachycardia cycle length in 9 of the 10 atrial tachycardias. We believe that this finding is also evidence against a leading circle type of reentry, in which the excitable gap is expected to be absent or of minimal duration. Furthermore, in a leading circle model, the cycle length is determined only by refractoriness, and the gap is as short as possible, independent of the cycle length. In contrast, in the other two models of reentry, because the circuit is determined by areas of anatomic or functional block, a fully excitable gap of significant duration is conceivable. In an anatomically defined reentrant circuit, the slower the conduction velocity, the longer will be the cycle length and the excitable gap (refractoriness being constant). If the patient population was larger, we probably could have found a significant correlation between resetting interval and the tachycardia cycle length.
Regarding the resetting response pattern, three mechanisms could explain an increasing response pattern or an increasing zone in a mixed response pattern. One mechanism is conduction delay of the paced impulse between the pacing site and the circuit. Although this could be the case in individual instances, no (Table 2 ). This finding is consistent with the hypothesis that excitable gaps that are composed totally of partially refractory tissue might be shorter and those composed of fully excitable and partially refractory tissue might be longer.
Mapping of Intra-atrial Reentrant Tachycardia
The mapping/ablation features that best predicted successful elimination of intra-atrial reentrant tachycardia included (1) local electrical activity preceding onset of the surface P wave by 20 to 45 ms (mean, 38±7 ms), (2) a concealed entrainment with a relatively short stimulus-to-P wave interval of 20 to 30 ms, suggesting that the site was at the exit from the reentry circuit, and (3) rapid resolution of tachycardia within less than 5 seconds of beginning radiofrequency application. Concealed entrainment with a long stimulus-to-P wave interval was demonstrated during pacing near the earliest activation site, suggesting the existence of an area of slow conduction. Although the intracardiac electrograms suggesting slow conduction were not found in the present study, radiofrequency energy delivered to the exit site could eliminate atrial tachycardia. Because pacing within a region of slow conduction that is connected to the reentrant circuit but is not critical to the maintenance of reentry might also result in concealed entrainment,3' it is possible that the success rate of radiofrequency catheter ablation would decrease if we used only concealed entrainment as a guide to the ablation site. Furthermore, Feld and colleagues19 reported that a combination of endocardial activation mapping and entrainment pace mapping could determine a critical area for radiofrequency ablation of
Management ofAtrial Tachycardia
Poor control of atrial tachycardia may ultimately necessitate aggressive therapy.11 [32] [33] [34] [35] Results of prospective studies33,35-36 have shown short-term effects of antiarrhythmic drugs, but the long-term outcome has been disappointing as a result of recurrent arrhythmia or drug side effects. Transcatheter ablation is now evolving as a realistic alternative to chronic pharmacological or surgical management of this condition. Catheter ablation of the normal atrioventricular conduction system allowed atrial tachycardia to persist but controlled the ventricular rate.37 However, it created pacemaker dependence. A more attractive option is direct eradication of the atrial tachycardia focus.33-35 Direct-current ablation carried a potential risk of perforation through the relatively thin atrial wall.38 Radiofrequency lesions at the atrial level have been shown to produce transmural necrosis that heals with a well-organized fibrous scar and have not been associated with significant risk for either early or late perforation. Radiofrequency ablation is also free of the barotrauma and catheter fling seen with direct-current ablation, further decreasing the likelihood of acute atrial trauma.38 Radiofrequency current would thus appear to be well suited for atrial muscle ablation, including the fragile areas near the atrial appendages. Successful radiofrequency ablation of atrial tachycardia was reported before, but the mechanisms of these atrial tachycardia were due to enhanced automaticity or triggered activity.8-11 Some series describing surgical therapy for atrial tachycardia (due to enhanced automaticity or triggered activity) have reported arrhythmia recurrence after excision of atrial foci.33 '34'39 Furthermore, some patients have had multiple foci or diffuse atrial disease.33'3439 In the present study, three of the seven patients had more than one focus responsive for atrial tachycardia, and the mechanism of tachycardia was reentry. Although we did not detect any recurrent atrial tachycardia, it is important to follow-up the long-term results. However, the initial results remain quite encouraging and suggest that the technique is at least as effective as a surgical procedure.
In the present study, fluoroscopy and procedure times were similar to the times reported for radiofrequency ablation of accessory atrioventricular pathways or slow atrioventricular nodal pathways in our laboratory.'6"17 Innovations in mapping catheter design may permit faster simultaneous mapping of multiple atrial sites; more experiences with this ablation technique and the availability of laboratory equipment with the capacity for pulsed fluoroscopy at slow frame rates will shorten procedure times and reduce radiation exposure times to the patient and operator. Although radiofrequency ablation currently is very well established as definitive therapy for tachyarrhythmias due to accessory atrioventricular pathways or dual atrioventricular nodal pathways in patients of all ages, this report represents the first large series to describe its application to intra-atrial reentrant tachycardia. Unlike the accessory pathways and slow atrioventricular nodal pathways, accurate localization of an atrial focus must involve a three-dimensional mapping and is further confounded by the absence of reliable electrogram markers (such as accessory pathway or slow atrioventricular nodal pathway activation potentials) apart from local activation time and entrainment pace mapping. Despite these difficulties, the technique was successful in all patients, and common type atrial flutter. they remained in sinus rhythm without medications. Radiofrequency catheter ablation of atrial tissue could be recommended as an alternative to medication or surgery in patients with intra-atrial reentrant tachycardia.
